Introduction
Until recently shock hazard has been analyzed only for two typical current waveforms: sinusoidal AC (50/60 Hz) and smooth DC. Figure 1 presents conventional timecurrent zones of effect of AC current (15÷100 Hz) on a person [1] . For currents up to 0,5 mA there is usually no reaction. Currents between curve a and curve b have no harmful electrical effects. An area between curve b and curve c 1 represents reversible disturbances of heart function. Starting from curve c 1 ventricular fibrillation may occur and its probability rises with current increase. The probability of about 5% is for currents between c 1 and c 2 , and about 50% is for currents between c 2 and c 3 . Beyond curve c 3 the probability is higher than 50%. For smooth direct current, similar time-current zones and their description are presented in Fig. 2 . Such type of current is less dangerous than AC current (15÷100 Hz). For both types of touch currents (sinusoidal and smooth DC) the most important is the curve c 1 . It is identified as the threshold of ventricular fibrillation. In case of AC waveform (15÷100 Hz) and long duration of fault, the threshold of ventricular fibrillation is assumed to be about 30 mA. In case of the smooth DC -about 150 mA.
Nowadays in electrical installations power converts are commonly used and due to their properties various waveforms of earth (touch) currents may occur. ; p -probability of ventricular fibrillation Figure 3 presents an earth current waveform in case of fault in a circuit with rectifier. The earth current is half wave rectified current -unidirectional but with high pulsation. Similar is the current waveform presented in Fig. 4 -only phase control is added. In case of converters with symmetrical phase control ( Fig. 5) earth current is bidirectional. The most interesting, but difficult to analyse, is a circuit with frequency converter for motor speed control (Fig. 6 ). In such circuit earth current waveform shape depends on the point of fault, actual motor speed and PWM frequency [2] [3] [4] [5] [6] [7] [8] . For the above mentioned waveforms the safety criteria presented in Fig. 1 and Fig. 2 cannot be directly applied. Fig.3 . Earth current i E (t)in a circuit with half wave rectifier: a) simplified structure of the circuit, b) earth current waveform;
Fig. 4 . Earth current i E (t) in a circuit with rectifier and phase control: a) simplified structure of the circuit, b) earth current waveform; The document [9] delivers guidance for modification of the mentioned safety criteria. For selected non-sinusoidal waveforms the methods of equivalent sinusoidal current I eq calculation (approximate calculation), especially in terms of the threshold of ventricular fibrillation, are described. The next paragraphs present the methods of calculation of equivalent current I eq -the rms value of a sinusoidal current presenting the same effect as the waveform concernedand a computer system for automatic evaluation of shock hazard, which enables disconnection of supply in circuits with selected types of non-sinusoidal earth (touch) currents.
The analysed waveforms of non-sinusoidal currents

Half wave rectified current
An analysis of the threshold of ventricular fibrillation in case of half wave current must take into consideration correlation of shock duration with the period of the cardiac cycle. In the IEC/TS [9] two periods are considered:  shock duration shorter than 0,75 times the period of the cardiac cycle,  shock duration longer than 1,5 times the period of the cardiac cycle. For shock duration shorter than 0,75 times the period of the cardiac cycle the equivalent current can be calculated according to the following expression:
where I m -is the peak value of half wave current. Note, that in this type of current the peak value is the same as peakto-peak value.
For shock duration longer than 1,5 times the period of the cardiac cycle the equivalent current can be calculated as:
where I m -is the peak value of half wave current. Figure 7 presents the waveforms of the equivalent sinusoidal currents [9] .
Fig. 7 . Equivalent sinusoidal currents for half wave rectified waveform: I eq0,75 -shock duration shorter than 0,75 times the period of the cardiac cycle, I eq1,5 -shock duration longer than 1,5 times the period of the cardiac cycle, I m -peak value of half wave current Example results of calculations of equivalent sinusoidal current for half wave rectified waveform are presented in Table 1 . Grey area with the results of calculations indicates values which exceed permissible level (30 mA). I m -peak value of half wave current, I rms -rms value of half wave current, I eq0,75 -equivalent current for shock duration shorter than 0,75 times the period of the cardiac cycle, I eq1,5 -equivalent current for shock duration longer than 1,5 times the period of the cardiac cycle
Current with symmetrical phase control
In case of waveform with symmetrical phase control, correlation of shock duration with the period of the cardiac cycle should be considered as well [9] . When shock duration shorter than 0,75 times the period of the cardiac cycle is analyzed, the current I eq is the rms value of a current having the same peak value as the current of the relevant waveform concerned. When shock duration longer than 1,5 times the period of the cardiac cycle is considered, I eq has the same rms value as the current of the relevant waveform concerned. The waveforms of both the equivalent currents are illustrated in Fig. 8 . Calculated values of equivalent current for selected phase angles are presented in Table 2 . -rms value of sinusoidal current flowing for phase angle  = 0, I rms-sin -rms value of sinusoidal current with peak value I m = 50 mA,  -phase angle delay, I rms -rms value of distorted current, I eq0,75 -equivalent current for shock duration shorter than 0,75 times the period of the cardiac cycle, I eq1,5 -equivalent current for shock duration longer than 1,5 times the period of the cardiac cycle
When shock duration is between 0,75 and 1,5 times the period of the cardiac cycle, the amplitude parameters change from peak to rms value.
Current with asymmetrical phase control
For waveform with asymmetrical phase control (Fig. 9 ), the document [9] indicates the method of calculation of equivalent current only for shock duration shorter than 0,75 times the period of the cardiac cycle. In this case the equivalent current I eq is, similarly as for symmetrical phase control, the rms value of a current having the same peak value as the current of the relevant waveform concerned. 
Alternating current with mixed frequencies
In order to evaluate shock hazard for current with harmonics, the guidance included in the document [9] should be taken into consideration. This document indicates the method of equivalent sinusoidal current I eq calculation (approximate calculation of rms value in terms of the threshold of ventricular fibrillation), when touch current with harmonics flows [9] :
where: I h -value of particular harmonic, F fh -frequency factor depending on frequency of particular harmonic.
The values of the frequency factor are presented in Fig. 10 . The evaluation of equivalent current according to (3) is only a rough approximation because phase angles of high frequency components are not taken into account. Phase angle of a harmonic may significantly influence the peak value of a resultant waveform.
The frequency factor F fh indicates that for higher frequency the sensitivity of protective devices, especially residual current devices may be relatively lower. It is very important because tripping current of residual current devices may strongly depend on frequency (high frequency components) of residual current. (Fig. 11a) ,  A-type -for sinusoidal residual current and pulsating direct current (Fig. 11b) . The laboratory test was performed for the waveforms reflecting earth fault currents in circuits with variable speed drive:  sin50Hz -pure sinusoidal current,  50Hz+PWM -current comprising frequencies: 50 Hzparticipation 100%, 150 Hz -participation 25%, 1000 Hz -participation 70%, 900 and 1100 Hz -participation 25%,  25Hz+PWM -current comprising frequencies: 25 Hzparticipation 60%, 75 Hz -participation 10%, 150 Hzparticipation 25%, 1000 Hz -participation 110%,  1Hz+PWM -current comprising frequencies: 150 Hzparticipation 25%, 1000 Hz -participation 150%. The waveform type 50Hz+PWM comprises harmonics which dominate in the earth fault current in case of fault in the output terminals of frequency converters for motor frequency equal to 50 Hz (rated motor speed). The waveform type 25Hz+PWM reflects the earth fault current in case of earth fault in the output terminals of frequency converters for motor frequency equal to 25 Hz (half rated motor speed). The last type of the test waveform (1Hz+PWM) reflects the earth fault current for motor frequency equal to 1 Hz (extremely low motor speed).
One can see that tripping current of all tested RCDs for the waveform 50Hz+PWM is only slightly higher than for pure sinusoidal waveform. For the waveform 25+PWM real tripping current increased over two times in respect to pure sinusoidal waveform. Very dangerous situation occurred for the waveform 1Hz+PWM. The RCD2, RCD3 RCD4, RCD5, RCD6 and RCD7 do not tripped out even for test waveform equal to 5 A rms.
Taking the above into account, it is recommended to elaborate complex safety system which can be dedicated to the circuits with power electronics converters.
A computer system for protection against electric shock
In order to evaluate shock hazard and ensure protection against electric shock for non-sinusoidal earth currents a computer system with the use of LabVIEW environment [10] [11] [12] [13] [14] has been performed. This system enables to calculate equivalent sinusoidal current (from the ventricular fibrillation point of view) for the following waveforms:  half wave rectified current and full wave rectified current,  alternating current with symmetrical phase control,  current with asymmetrical phase control,  AC current with mixed frequencies.
The type of waveform is selected from the front panel of the computer system (Fig. 12) . When the rectified current is considered, an operator of the computer system sets the peak value of the sinusoidal current to be rectified (Im), and the reference value, i.e. permissible value of the sinusoidal current in terms of the ventricular fibrillation (Iref) -here 30 mA, typical conventional value [15] . The computer system calculates the rms value of the non-sinusoidal current (Irms), the equivalent current for shock duration longer than 1,5 times the period of the cardiac cycle (Ieq 1,5) , and the equivalent current for shock duration shorter than 0,75 times the period of the cardiac cycle (Ieq 0,75). When current with phase control is analyzed (Fig. 12b) , the operator can also set a delay angle for symmetrical or asymmetrical phase control (alfa). Red indicator under the current value informs, that the reference value is exceeded and disconnection of supply should occur. For green indicator there is no risk of the ventricular fibrillation.
The presented computer system enables calculation of the equivalent current for earth current with mixed frequencies as well. Using the front panel of the system (Fig. 13 ) the operator can define frequency of the fundamental harmonic, higher harmonics, the percentage of every harmonic and its phase angle. After defining the reference value (Iref -here 30 mA) the system calculates the rms value of the distorted waveform Irms and the equivalent current Ieq (according to (3)) taking into account frequency factor F fh which is presented in Fig. 10 . By red or green indicator the computer system informs whether the reference value is exceeded or not. In the example presented in Fig. 13a the computer system analyses earth current waveform in case of fault in a motor when the motor frequency is equal to 50 Hz (rated motor speed) and PWM frequency is equal to 3 kHz. The rms value of distorted waveform is Irms = 35,24 mA (the reference value Iref = 30 mA is exceeded -red indicator occurs) and equivalent current Ieq = 28,71 mA (the reference value is not exceeded -green indicator occurs). In case of 25 Hz motor frequency (Fig. 13b ) Irms = 56,32 mA, but equivalent current only Ieq = 26,67 mA. The advantage of an earth current analysis and calculation of equivalent current is especially observable (Fig. 13c) in case of fault when motor frequency is equal to 1 Hz (extremely low motor speed). In such case, high frequency components dominate, and admittedly Irms = 83,74 mA (reference value is significantly exceeded) but equivalent current is equal to only Ieq = 10,67 mA -it is no risk of the ventricular fibrillation.
Implementation of the computer system
The computer system for evaluation of shock hazard in circuits with non-sinusoidal earth (touch) currents can be implemented as its is shown in Fig. 14 . The system is connected to a residual current sensor for detection of residual current in a circuit with a converter. Such a connection enables to detect both earth current in case of indirect contact and touch current in case of direct contact. Before activating the system, an operator should select a type of power electronics converter from the menu (Fig. 12a) . In case of detection of a residual current, the computer system analyses its waveform, calculates equivalent sinusoidal current (within the period no longer than 0,1 s) and decides whether to disconnect or not the supply (via opening a circuit breaker).
The proposed computer system comprises of:  a residual current sensor with voltage output,  a data acquisition module (DAQ-M) with analog-digital converter,  a PC computer with LabVIEW environment.
A residual current sensor should enable to detect currents from DC to at least 20 kHz AC. Voltage signal from a residual current sensor is delivered to the analog input of DAQ-M. Taking into account voltage range of the input signal and sampling frequency, a typical DAQ-M from National Instruments offer may be used. Metrological analysis of this computer system for circuits with variable speed drives is presented in [16] .
When earth fault current reaches a predetermined level and disconnection of supply should occur, appropriate signal from DAQ-M for opening the circuit is delivered to a circuit breaker (or contactor) installed in the main circuit of the power electronics converter. 
Conclusion
Electric circuits with power electronics converters characterize non-sinusoidal earth currents. In case of such currents, their effect on a person cannot be directly interpreted on the base of conventional time-current zones of effect of AC current 15÷100 Hz on person included in the document [1] . Non-sinusoidal currents, especially those comprising relatively high-order harmonics, are less dangerous for persons than 50/60 Hz sinusoidal waveform. Taking into account this phenomenon, a computer system for evaluation of shock hazard in circuits with non-sinusoidal earth (touch) currents has been performed. The system enables to adjust a tripping current of a protective circuit beaker with reference to a type of converter installed in a circuit and expected type of earth (touch) current.
